A B S T R A C T Fluctuations of calcium, phosphorus, sodium, potassium, and chlorine in beta cells were followed during rat islet perifusion with tolbutamide and related to insulin secretion. In 24 paired experiments two chambers containing 100 islets were perifused with buffered medium containing 4.2 mM glucose alone or with added tolbutamide (200 Ag/ml). Effluent was collected frequently for insulin determinations.
INTRODUCTION
It is well known that tolbutamide acutely stimulates monophasic insulin secretion by pancreatic islets in Received for publication 28 December 1982 and in revised form 30 March 1983. vitro (1) . The importance of cytosolic accumulation of Ca++ as an initiator of tolbutamide action has been established by several reports of flux studies of this ion in whole islets (2, 3) as well as by other electrophysiologic investigations of the beta cell membrane (4) . However, it is not clear how Ca++ movements relate temporally to other important cations, especially K+ (3) (4) (5) (6) (7) , in stimulus-secretion coupling.
The object of this study was to map sequential changes of calcium (Ca), sodium (Na), potassium (K), phosphorus (P), and chlorine (Cl) in single beta cells as opposed to whole islets during tolbutamide perifusion of isolated rat islet tissue. This was achieved by using energy dispersive x-ray analysis (EDXA)l after cell identification with scanning electron microscopy (SEM) . In this study two assumptions must be made: (a) acute changes in total beta cell content of any given element are the product of transmembrane ionic movements, since EDXA cannot discriminate between free ions and those elements incorporated into intracellular compounds; (b) EDXA is done after perifusion, rapid fixation of islets, and processing for electron microscopy. A portion of elements are removed from islets by these procedures. We assume that the content of retained elements in tolbutamide-stimulated beta cells relative to corresponding control cells at any given moment is representative of the in vivo situation, even though precise quantitation is not possible. In support of this second assumption is our previous report of distinctive, sequential changes of these elements in both beta and alpha cells following D-glucose as opposed to D-galactose challenges (8) .
Results of the present study suggest that tolbutamide evokes an acute rise of beta cell Ca that precedes per-' Abbreviations used in this paper: EDXA, energy dispersive x-ray analysis; SEM, scanning electron microscopy.
turbations of other intracellular elements as well as insulin secretion.
METHODS
Details of our experimental techniques have been published previously in this journal (8) . Pancreatic islets from fed, female rats were isolated by a collagenase technique (9) . Buffer for perifusion was composed of Krebs-Henseleit bicarbonate buffer containing 16 mM Hepes and 0.5% human serum albumin. Buffer was maintained at pH 7.4 and 37°C while being constantly gased with 95% 02-5% CO2. 100 isolated islets were transferred to one of two plastic perifusion chambers containing appropriate filters. They were submerged in a water bath at 37°C and perifusion was carried out according to the method of Lacy et al. (10) (8) . A thin layer of carbon subsequently was evaporated onto the surface of the filter-containing islets. SEM utilized a JSM U-3 scanning electron microscope JEOL U.S.A., Peabody, MA at a potential of 25,000 V. Single, unobscured beta cells that were attached to islets were identified by size and shape criteria as previously described (8) . After identification, the cell was subjected to EDXA utilizing an attached Nuclear Semiconductor 155e V resolution Si (Li) The earliest event to occur in these studies was an abrupt rise in beta cell Ca in islets perifused with tolbutamide. Peak values at 1 min exceeded control levels by > 150% (P < 0.001). A steady decline in Ca content rapidly ensued with 2 and 3 min values still significantly above control by factors of 91 and 60%, respectively (P < 0.001). Ca content returned to control levels between 4 and 6 min and remained unchanged thereafter.
After the acute rise in Ca at 1 min there was a reciprocal, 20-25% fall in Na at 1-2 min (P < 0.02) as well as a 46% decrease in K content at 2 min (P < 0.005). As (8) . These temporal, phasic relationships underscore the importance of cytosolic elevations of Ca++ as second messengers for the insulin secretory process, and, by direct measurement, support conclusions drawn by others utilizing flux measurements of labeled Ca in whole islets exposed to tolbutamide in vitro (2, 3, (5) (6) (7) .
Fluctuations of Ca also appear to anticipate reciprocal changes of K and Na. For reasons previously discussed (8) , the acute fall in beta cell Na at 1 min is consistent with the view that inward moving Ca++ exchanges with outward moving Na+ by a bidirectional Ca-Na exchange mechanism (12) . In addition, cytosolic elevations of Ca++ increase K+ permeability (13) and explain our finding of a significant reduction in beta cell K content (2 min) shortly after maximal Ca concentrations were reached. The rapid decline of Ca in beta cells after the abrupt peak was reached may also be explained by the reciprocal fall of K, since the latter can provide repolarization of the beta cell membrane and closure of voltage-dependent membrane channels that control Ca++ influx (14) . These reciprocal oscillations of Ca on the one hand and Na, K on the other, were also observed in our studies of glucose provocation using the same technique (8) . The interdependence of Na, K, and Ca content on one another was also manifested when Ca returned to control levels at 4-6 min, at which time Na and K did as well.
Movements of Cl-also have been implicated in beta cell exocytosis, since glucose-stimulated insulin release normally is associated with Cl-efflux and nonpassive influx in pancreatic islets (15) . In the present study tolbutamide stimulated a brief, though insignificant fall in Cl in beta cells at 2 min, which may represent a net enhancement of efflux. Others have offered evidence that Cl-influx may be necessary for fusion of secretory granules with the beta cell membrane in the final steps of exocytosis (16) . The steep rise in beta cell Cl at 4 min in our studies could also be an expression of this process. In our previous investigations with 16.7 mM glucose, acute phase insulin release also was attended by a significant fall followed by an abrupt elevation of Cl content in beta cells (8) . To what extent these movements relate to other ionic fluxes remains to be defined.
Phosphorus was measured in beta cells, because nutrient stimuli like glucose trigger an acute phosphate "flush" or efflux during acute phase insulin release (17) . Although this observation was documented in our previous study with glucose (8) , tolbutamide failed to alter P in beta cells and is consistent with the report of Carpinelli and Malaisse (18) who observed unaltered efflux of 32p from whole islets after tolbutamide provocation. This may represent one characteristic of sulfonylureas that distinguishes their action from those of nutrient secretagogues.
Controversy surrounds the mechanism whereby tolbutamide promotes net Ca accumulation in the beta cell. Unlike nutrient stimuli, it does not alter the basic energy metabolism of whole islets (19) nor influence the biosynthesis of insulin (20) . Although earlier work suggested that tolbutamide stimulates cyclic AMP production either directly (21) or indirectly by inhibiting phosphodiesterase activity (22) , these studies were carried out in whole islet homogenates. Since tolbutamide does not penetrate the beta cell membrane (23) (24) .
Findings in the present study suggest that tolbutamide has a very acute action on Ca++ flux in the absence of a preceding change in K content in beta cells. The rapidity of this effect is appreciated further by recalling the lag time for reservoir media containing tolbutamide to pass through tubing to the perifusion chamber containing islets (Methods). Thus, the 1-min spike in beta cell Ca content occurs within 13 s of tolbutamide exposure (1 min -0.78 min lag time = 0.22 min or 13 s). Considering the relatively slow rate of perifusion (0.9 ml/min), this also suggests that tolbutamide effects on beta cell Ca++ flux in vivo are almost immediate. It is still possible that our study missed a transient K elevation during the first 12 (8) .
